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FHUDPLFPDWUL[RIFRPSRVLWHVLVXVXDOO\FRQVLGHUHGDVQRQFRQGXFWLYHPDWHULDOEHFDXVHRILWVH[WUHPHO\
ORZ HOHFWULFDO FRQGXFWLYLW\ LQ WKH RUGHU RI ± 6P 'LVSHUVLQJ FRQGXFWLYHPDWHULDOV LQWR WKH
QRQFRQGXFWLYH PDWUL[ FDQ IRUP FRQGXFWLYH FRPSRVLWHV  7KH HOHFWULFDO FRQGXFWLYLW\ RI D FRPSRVLWH LV
VWURQJO\ GHSHQGHQW RQ WKH YROXPH IUDFWLRQ RI WKH FRQGXFWLYH SKDVH $W ORZ YROXPH IUDFWLRQV WKH
FRQGXFWLYLW\UHPDLQVYHU\FORVHWRWKHFRQGXFWLYLW\RIWKHSXUHPDWUL[:KHQDFHUWDLQYROXPHIUDFWLRQLV
UHDFKHG WKH FRQGXFWLYLW\ RI WKH FRPSRVLWH GUDVWLFDOO\ LQFUHDVHV E\ PDQ\ RUGHUV RI PDJQLWXGH 7KH
SKHQRPHQRQ LV NQRZQ DV SHUFRODWLRQ DQG FDQ EH ZHOO H[SODLQHG E\ SHUFRODWLRQ WKHRU\ 7KH HOHFWULFDO
SHUFRODWLRQ WKUHVKROGRIFRQGXFWLYH UHLQIRUFHPHQWVHPEHGGHG LQDQ LQVXODWLQJPDWUL[ LVVHQVLWLYH WR WKH
JHRPHWULFDO VKDSH RI WKH FRQGXFWLYH SKDVH 7KH VPDOO VL]H DQG ODUJH DVSHFW UDWLR OHQJWKGLDPHWHU DUH
KHOSIXOWRORZHUWKHSHUFRODWLRQWKUHVKROG>@'HSHQGLQJRQWKHPDWUL[WKHSURFHVVLQJWHFKQLTXHDQGWKH
QDQRWXEH W\SH XVHG SHUFRODWLRQ WKUHVKROGV UDQJLQJ IURP  ZW WR PRUH WKDQ ZW KDYH EHHQ
UHSRUWHG>@ %HFDXVH FDUERQ QDQRWXEHV KDYH WUHPHQGRXVO\ ODUJH DVSHFW UDWLRV ± PDQ\
UHVHDUFKHUVKDYHREVHUYHGH[FHSWLRQDOO\ORZHOHFWULFDOSHUFRODWLRQWKUHVKROGV>@
,Q WKH ZRUN UHSRUWHG KHUH ZH LQYHVWLJDWHG WKH ILOP IRUPDWLRQ EHKDYLRU DQG HOHFWULFDO FRQGXFWLYLW\
SURSHUWLHVRISRO\PHU&17VGHSHQGLQJRQ&17VFRQWHQWXVLQJSKRWRQWUDQVPLVVLRQWHFKQLTXHDQGHOHFWULFDO
FRQGXFWLYLW\PHDVXUHPHQWV )LOPV ZHUH SUHSDUHG E\ PL[LQJ 36 ODWH[ ZLWK0:17V SDUWLFOHV LQ YDULRXV
FRPSRVLWLRQVDQGDQQHDOLQJ WKHPDW WHPSHUDWXUHVDERYHJODVV WUDQVLWLRQ WHPSHUDWXUHRI36 $IWHUHDFK







36 SDUWLFOHVZHUH SURGXFHG YLD VXUIDFWDQW IUHH HPXOVLRQ SRO\PHUL]DWLRQ SURFHVV 7KH SRO\PHUL]DWLRQ
ZDV SHUIRUPHG EDWFKZLVHO\ XVLQJ D WKHUPRVWDWWHG UHDFWRU HTXLSSHG ZLWK D FRQGHQVHU WKHUPRFRXSOH
PHFKDQLFDO VWLUULQJ SDGGOH DQG QLWURJHQ LQOHW 7KH DJLWDWLRQ UDWH ZDV  530 DQG WKH SRO\PHUL]DWLRQ
WHPSHUDWXUHZDVFRQWUROOHGDW&:DWHUPODQGVW\UHQHJZHUHILUVWPL[HGLQSRO\PHUL]DWLRQ
UHDFWRUZKHUH WKH WHPSHUDWXUHZDV NHSW FRQVWDQW DW &  3RWDVVLXPSHUR[RGLVXOIDWH .36 LQLWLDWRU
J GLVVROYHG LQ VPDOO DPRXQW RI ZDWHU PO ZDV WKHQ LQWURGXFHG LQ RUGHU WR LQGXFH VW\UHQH




ZHUHXVHGDVVXSSOLHG LQEODFNSRZGHU IRUPZLWKRXW IXUWKHUSXULILFDWLRQ $VWRFNVROXWLRQRI0:17V
ZDVSUHSDUHGIROORZLQJWKHPDQLIDFWXUHUVUHJXODWLRQVQDQRWXEHVZHUHGLVSHUVHGLQGHLRQL]HG',ZDWHU
ZLWKWKHDLGRI3RO\YLQ\O3\UROLGRQH393LQWKHSURSRUWLRQVRISDUWV0:17VSDUWV393
SDUWV ', ZDWHU E\ EDWK VRQLFDWLRQ IRU K  393 LV D JRRG VWDELOL]LQJ DJHQW IRU GLVSHUVLRQV RI FDUERQ












 (DFKPL[WXUHZDV VWLUUHG IRU K IROORZHG E\ VRQLFDWLRQ IRU PLQ DW URRP

























    
WHPSHUDWXUH%\SODFLQJWKHVDPHQXPEHURIGURSVRQDJODVVSODWHVZLWKVLPLODUVXUIDFHDUHDV[
FPDQGDOORZLQJ WKHZDWHU WRHYDSRUDWHDW & LQ WKHRYHQGU\ ILOPVZHUHREWDLQHG $IWHUGU\LQJ
VDPSOHVZHUHVHSDUDWHO\DQQHDOHGDERYH7JRI36IRUPLQDWWHPSHUDWXUHVUDQJLQJIURPWR&
7KH WHPSHUDWXUHZDVPDLQWDLQHGZLWKLQ&GXULQJDQQHDOLQJ $IWHUHDFKDQQHDOLQJ VWHS ILOPVZHUH
UHPRYHG IURP WKH RYHQ DQG FRROHG GRZQ WR URRP WHPSHUDWXUH  7KH WKLFNQHVV RI WKH ILOPV ZDV
GHWHUPLQHGIURPWKHZHLJKWDQGWKHGHQVLW\RIVDPSOHVDQGUDQJHVIURPWRPP
0HDVXUHPHQWV
3KRWRQ WUDQVPLVVLRQ H[SHULPHQWV ZHUH FDUULHG RXW XVLQJ PRGHO &DUU\  ELR 899LVLEOH 899






































WKH HYDOXDWLRQ RI WUDQVSDUHQF\ RI WKH ILOPV DQG VXUIDFH VPRRWKLQJ XSRQ DQQHDOLQJ  0RVW SUREDEO\
LQFUHDVHLQ,WUXSWR7KVHH)LJXUHFRUUHVSRQGVWRWKHYRLGFORVXUHSURFHVV>@LHWKHSRO\VW\UHQH
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VWDUWVWRIORZXSRQDQQHDOLQJDQGYRLGVEHWZHHQSDUWLFOHVFDQEHILOOHG2QWKHRWKHUKDQGLQFUHDVHLQ,WU






































E\ VXUIDFH WHQVLRQ RI SRO\PHU LH SRO\PHUDLU LQWHUIDFLDO WHQVLRQ ,Q RUGHU WR UHODWH WKH VKULQNDJH RI
VSKHULFDOYRLGRIUDGLXVUWRWKHYLVFRVLW\RIVXUURXQGLQJPHGLXPK DQH[SUHVVLRQZDVGHULYHGDQGJLYHQ
E\WKHIROORZLQJUHODWLRQ>@
       
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JLYHQ WR RQH PROH RI PDWHULDO IRU FUHDWLQJ WKH DFW RI D MXPS GXULQJ YLVFRXV IORZ $VVXPLQJ WKDW WKH
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+HDOLQJDQG,QWHUGLIIXVLRQ
7KH GHFUHDVH LQ ,WU ZDV DOUHDG\ H[SODLQHG LQ WKH SUHYLRXV VHFWLRQ E\ WKH LQFUHDVH LQ WUDQVSDUHQF\ RI




FKDLQ FURVVLQJGHQVLW\ FDQEH HPSOR\HG7KHVH DXWKRUV XVHGGH*HQQHV¶V ³UHSWDWLRQ´PRGHO WR H[SODLQ
FRQILJXUDWLRQDOUHOD[DWLRQDWWKHSRO\PHUSRO\PHUMXQFWLRQZKHUHHDFKSRO\PHUFKDLQLVFRQVLGHUHGWREH
FRQILQHGWRDWXEHLQZKLFKH[HFXWHVDUDQGRPEDFNDQGIRUWKPRWLRQ7KH\FDOFXODWHGWKHWRWDOFURVVLQJ
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WKHWHPSHUDWXUHGHSHQGHQFHRIV W V    f FDQEHPRGHOHGE\WDNLQJLQWRDFFRXQWWKHIROORZLQJ
$UUKHQLXVUHODWLRQIRUWKHOLQHDUGLIIXVLRQFRHIILFLHQW
 N7(H[S ER 'Q Q      
+HUH'(ELVGHILQHGDVWKHDFWLYDWLRQHQHUJ\IRUEDFNERQHPRWLRQGHSHQGLQJRQWKHWHPSHUDWXUHLQWHUYDO
&RPELQLQJ(TDQG(TDXVHIXOUHODWLRQLVREWDLQHGDV
   H[S N7($ ER ' fVWV    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7KH VXUIDFH FRQGXFWLYLW\ SURSHUWLHV RI WKH ILOPV ZHUH PHDVXUHG DW URRP WHPSHUDWXUH E\ XVLQJ D WZR
SUREH WHFKQLTXH  )LJ D VKRZV WKH HOHFWULFDO FRQGXFWLYLW\ V RI 360:17 FRPSRVLWH ILOPV DV D
IXQFWLRQRI0:17VUDWLR5:KLOHORZ0:17FRQWHQWFRPSRVLWHV5VKRZVLPLODU
0:17ZW        
'+NFDOPRO        
'(NFDOPRO        
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FRQGXFWLYLW\ EHWZHHQ  6 WKH FRQGXFWLYLW\ RI KLJK 0:17 FRQWHQW ILOPV 5! LQFUHDVH
GUDPDWLFDOO\ WRa6  ,Q RWKHUZRUGV DERYH0:17V IRUPDQ LQWHUFRQQHFWHGSHUFRODWLYH
QHWZRUN+RZHYHUEHORZFOXVWHUVRI0:17EHFRPHVHSDUDWHGE\WKHSRO\VW\UHQHOD\HUV)URP




7KH EDVLV RI WKH SHUFRODWLRQ WKHRU\ LV WR GHWHUPLQH KRZ D JLYHQ VHW RI VLWHV UHJXODUO\ RU UDQGRPO\
SRVLWLRQHG LQ VRPH VSDFH LV LQWHUFRQQHFWHG>@  $W VRPH FULWLFDO SUREDELOLW\ FDOOHG WKH ³SHUFRODWLRQ
WKUHVKROG SF´ D FRQQHFWHGQHWZRUNRI VLWHV LV IRUPHGZKLFK VSDQV WKH VDPSOH FDXVLQJ WKH V\VWHP WR
SHUFRODWH7ZRW\SHVRISHUFRODWLRQZHUHFRQVLGHUHGVLWHSHUFRODWLRQZKHUHVLWHV LQD ODWWLFHDUHHLWKHU
ILOOHGRUHPSW\RUERQGSHUFRODWLRQZKHUHDOOWKHVLWHVLQDODWWLFHDUHRFFXSLHGEXWDUHHLWKHUFRQQHFWHG
RU QRW>@  ([WHQVLYH VLPXODWLRQV DQG WKHRUHWLFDO ZRUN KDYH VKRZQ WKDW WKH SHUFRODWLRQ SUREDELOLW\3fS
YDQLVKHVDVDSRZHUODZQHDU FS 








VVV  F55         
:KHUHVLVFRPSRVLWHFRQGXFWLYLW\LQ6LHPHQVVLVWKHVHOIFRQGXFWLYLW\RI0:17VILOPDQGLVHTXDO
WR5SUHVHQWVZHLJKWIUDFWLRQRI0:17V5FVSUHVHQWVSHUFRODWLRQWKUHVKROGRIFRQGXFWLYLW\DQGEVLV







GDWD LQ)LJE IRU5!5FV WR(T 7KHYDOXHRIEV KDVEHHQGHWHUPLQHG IURP WKH VORSHRI WKH OLQHDU
UHODWLRQRI ORJVORJ~55F~ SORW RQ)LJ E DQG IRXQG WR EH DV  7KLV YDOXH DJUHHVZHOOZLWK WKH
XQLYHUVDOVFDOLQJYDOXHRI E V ,QWKUHHGLPHQVLRQDOODWWLFHV\VWHPV>@E VYDOXHVFKDQJHIURPWR
7KHIDFWWKDW E VLVQRWVLJQLILFDQWO\JUHDWHUWKDQDOVRVXJJHVWWKDWWKHEXQGOHVDUHQRWVHSDUDWHGE\
SRO\PHU WXQQHOLQJ EDUULHUV VKRZV WKDW WKH SRO\PHU FRDWLQJ REVHUYHG LQ )LJ  FDQQRW VLPSO\ FRDW




:H KDYH UHSRUWHG DQ LQYHVWLJDWLRQ RI WKH ILOP IRUPDWLRQ DQG HOHFWULFDO FRQGXFWLYLW\ RI 360:17
FRPSRVLWHV%HORZZW0:17FRQWHQWWZRGLVWLQFWILOPIRUPDWLRQVWDJHVZKLFKDUHQDPHGDVYRLG
FORVXUHDQG LQWHUGLIIXVLRQZHUHREVHUYHG +RZHYHU0:17FRQFHQWUDWLRQVDERYHZW0:17QR





9RLG FORVXUH '+ DQG LQWHUGLIIXVLRQ '( DFWLYDWLRQ HQHUJLHV SUHVHQWHG RSWLPXP YDOXHV DURXQG WKH
WKUHVKROG RI WKH HOHFWULFDO FRQWXFWLYLW\ DQG RSWLFDO WUDQVSDUHQF\ SHUFRODWLRQ DURXQG  ZW 0:17
FRQWHQW2XUUHVXOWVDUHTXLWHVLPLODUWRRWKHUUHSRUWVRQORZFRQGXFWDQFHZLWK&17VDPRXQWDQGVWDUWWR
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